Parathyroid hormone (PTH) is a key regulator of the expression and function of the type 28
Introduction 50
The maintenance of phosphate homeostasis is critical to the proper health and function of 51 a host of systems, including the skeletal, cardiovascular, and renal systems (11, 24, 43). Serum 52 phosphate levels are determined through the interplay between rates of intestinal absorption, 53 bone turnover, and renal reabsorption, with the last being the primary determinant of serum 54 phosphate levels (45). The rate of renal phosphate reabsorption is directly related to the 55 abundance of phosphate transporters expressed within the apical membrane of the proximal 56 tubule, with the type IIa sodium-phosphate cotransporter (Npt2a) regarded as a significant 57 contributor to renal phosphate reabsorption and thus total phosphate homeostasis (23, 35, 46) . 58
One of the primary regulators of Npt2a expression and function is parathyroid hormone 59 (PTH) (3). It has been well established that PTH induces the rapid retrieval of Npt2a from the 60 apical membrane and its subsequent lysosomal degradation, a response conferred to Npt2a by 61 PTH-sensitive residues within the third intracellular loop of the transporter (2, 25, 42). We 62 previously demonstrated that, in addition to its effect on the apical expression of Npt2a, PTH 63 induces a rapid destabilization of Npt2a mRNA (36). While PTH-mediated PKA and PKC 64 to purify polyphosphorylated peptides and monophosphorylated peptides. The effects of co-140 isolation of non-phosphorylated peptides enriched in aspartic acid and/or glutamic acid residues 141 was minimized with the use of 1M glycolic acid as a competitive ligand for the TiO 2 step. 142
Targeted analysis of phosphopeptide fractions was achieved using nanoflow UHPLC/nanospray-143 LTQ-Orbitrap ELITE mass spectrometer with CID and ETD fragmentation in a bottom-up 144 approach. High mass accuracy MS spectra of the peptides was acquired in data dependent mode 145 with neutral loss of 98Da triggering an MS3 experiment on the most intense transition. Acquired 146 data were analyzed against human refseq and decoy databases using Mascot and Sequest HT by 147
Proteome Discoverer 1.4. Reverse/decoy assignments were eliminated and all medium-high 148 confidence phosphorylated peptides PSMs with a delta Cn value greater than 1.0 were exported 149 to an excel spreadsheet for peptide grouping by mass and sequence and manual comparison of 150 abundance between treatment and control condition. Resulting proteins were identified 151 according to their UniProt ID symbol (10). 152
Gene identification and pathway analysis: UniProt ID symbols were individually converted to 153 gene names and the functions of specific RNA-binding proteins identified within the 154 phosphoproteome were determined through Uniprot.org (10). Once gene names for all 1182 155 proteins were obtained, the gene list was submitted to the Database for Annotation, 156
Visualization, and Integrated Discovery (DAVID) for gene ontology analysis (26, 27) . Opossum 157 genes not recognized by DAVID software were converted to the orthologous human gene name 158 (determined through Ensembl.org (16)) prior to DAVID analysis. Gene ontology for the dataset 159 was analyzed against the dataset for the human genome. with ice-cold PBS and scraped into 10 mL of PBS. Cells were collected by spinning at 1500 rpm 173 for 5min at 4°C, and the supernatant was discarded. Cell pellets were resuspended in an equal 174 pellet volume of RIP lysis buffer containing protease and RNase inhibitors. Lysates were 175 incubated on ice for 5min and then stored overnight at -80°C. The following day, magnetic beads 176 were prepared for immunoprecipitation by incubating the beads with 5 μg antibody of interest or 177 isotype IgG for 1.5h at room temperature, then washed three times. RIP lysates collected 178 previously were quickly thawed and centrifuged at 14,000 rpm for 10min at 4°C. Figure 2A RBPs underwent an increase in their phosphorylation status within 30m of PTH treatment (Table  255 1). 16 of the RBPs only exhibited increased phosphorylation after 2h of PTH treatment (Table 2) , 256 and the other 22 RBPs underwent a decrease in their phosphorylation status in response to PTH 257 (Table 3) . Within the category of fast-responding RBPs, PRPF31, a ubiquitously expressed pre-258 mRNA splicing factor (48), underwent the largest increase in phosphorylation status. SRRM2, 259
another splicing factor (10), also had increased phosphorylation after 30m PTH, and was the 
Regulation of KSRP Expression and Function by PTH 296
Computational analysis of the PTH-responsive phosphoproteome suggests that at least 297 one of the PTH-responsive RBPs, KSRP, is capable of interacting with the 3'UTR of Npt2a 298 mRNA. To confirm the expression of KSRP in the proximal tubule and to characterize its 299 distribution, cell fractions prepared from OK cells treated with and without PTH were subjected 300 to Western blot analysis. As shown in Figure 3A , we identified KSRP expression in 301 homogenates isolated from OK cells, and found that neither PTH nor 8-Br treatment affected its 302 total expression in the cell. When subjected to further separation of cellular compartments, we 303 found KSRP expression in crude membrane, nuclear, and cytosolic fractions ( Figure 3B ). While 304 PTH treatment did not affect total KSRP expression, it did affect cellular distribution, with 30m 305 and 2h PTH resulting in a significant increase in the nuclear localization of KSRP versus the 306 other two cellular compartments, while crude membranous and cytosolic expression of KSRP 307 did not change in response to PTH ( Figure 3B ). 308
Phosphoproteomic analysis identified residue S181 of KSRP as being phosphorylated 309 following 2h PTH treatment. Previous work by Nechama et al. showed that, in parathyroid gland 310 extracts, this particular phosphorylation is inhibited by the action of the peptidyl-prolyl 311 isomerase Pin1 (39). We found that in response to 2h PTH, Pin1 underwent a 2.5-fold increase in 312 phosphorylation (Figure 4) , a modification that has been shown to decrease Pin1 activity, and 313 thus inhibit its ability to promote KSRP dephosphorylation (29). 314
Interaction of KSRP with Npt2a mRNA 315
To determine whether KSRP interacts with Npt2a mRNA, we next performed RNA-316 binding protein immunoprecipitation (RIP) assays, wherein an intact mRNP complex is pulled 317 down with an antibody specific for an RBP, followed by RNA isolation and RT-qPCR to identify 318 transcripts associated with the RBP. As shown in Figure 5A , immunoprecipitation of KSRP 319 showed significant fold enrichment for Npt2a mRNA in comparison to isotype IgG IP, as well as 320 significant enrichment for NHE3 mRNA, another PTH target. Treatment with 2h PTH resulted ina slight increase in the amount of Npt2a mRNA immunoprecipitated with KSRP when compared 322 to control ( Figure 5B) . 323
Contribution of KSRP to PTH regulation of Npt2a mRNA 324
To examine the role of KSRP in mediating PTH-induced destabilization of Npt2a 325 mRNA, we knocked down KSRP expression in OK cells using siRNA specific for opossum 326 KSRP. As shown in Figure 6A , we achieved 65% knockdown of KSRP following a 48h 327 transfection period. RT-qPCR analysis of OK cells transfected with either KSRP siRNA or 328 scrambled siRNA, treated with or without PTH, showed that knockdown of KSRP under basal 329 conditions resulted in a non-significant increase in transcript levels of Npt2a and no effect on the 330 ability of PTH to reduce Npt2a mRNA levels ( Figure 6B ). However, KSRP knockdown 331 completely blunted the ability of PTH to decrease NHE3 mRNA levels ( Figure 6C) . 332
Discussion 333
In this study, we have characterized the cell-wide phosphorylation events that occur in 334 response to PTH in renal proximal tubule cells. We were able to categorize 1139 out of the 1182 335 proteins that underwent changes in phosphorylation over the course of 2h PTH treatment, and we 336 established that PTH, along with being a major regulator of proximal tubule ion transport, is also 337 a major regulator of proteins involved in both transcription and translation. Almost one-fifth of 338 the downstream targets of PTH are proteins involved in the process of transcription or its 339 regulation. This category of biological processes altered by PTH was by far the most affected 340 biological process, distantly followed by the categories of intracellular signaling cascade (8.3%), 341 phosphate metabolic process (6.9%), and protein localization (6.5%). As expected in 342 characterizing the PTH-responsive phosphoproteome, we also found that PTH was also a major 343 regulator of protein phosphorylation.
In addition to its effects on cellular transcription, we found that PTH was also a major 345 regulator of translation, as we identified 68 RNA-binding proteins whose phosphorylation status 346 changed in response to PTH. Because DAVID was only able to map 812 of the proteins to a 347 molecular function, the number of RBPs regulated by PTH may be higher. Following 2h PTH treatment, we observed a 10-fold increase in the nuclear distribution of 379 KSRP. This localization pattern is consistent with previous studies which found that 380 phosphorylation of KSRP impairs its RNA-binding abilities and stimulates its translocation to 381 the nucleus (13, 18). In our study, phosphoproteomic analysis showed that PTH induces KSRP 382 phosphorylation at S181. S181 is within the K1 domain, one of the four KH domains required for 383 binding RNA and recruiting exosomes. Previous reports of KSRP function in the parathyroid 384 gland showed that the same phosphorylation of S181 within KSRP leads to decreased activity of 385 the protein and nuclear accumulation (39). Phosphorylation of a neighboring serine residue 386 within the same K1 domain has also been found to promote the unfolding of the K1 domain, 387 leading to decreased ARE binding and accumulation in the nucleus (4, 13, 19). 388 KSRP activity has been found to be dependent on the activity of Pin1 (peptidyl-prolyl 389 cis/trans isomerase NIMA-interacting 1), a peptidyl-prolyl isomerase that regulates KSRPphosphorylation status (39). In the parathyroid glands, KSRP binds to and destabilizes PTH 391 mRNA, resulting in decreased PTH secretion. When active, Pin1 upregulates KSRP activity by 392 promoting dephosphorylation of the protein, resulting in enhanced PTH mRNA binding. 393
Phosphorylation of Pin1 at S16 by PKA inhibits its function, which in turn leads to less active 394 KSRP and thus more PTH mRNA. In our studies, we demonstrated PTH-induced a 2.5-fold 395 increase in the phosphorylation of Pin1, a modification that likely leads to decreased Pin1 396 activity. This increase in Pin1 phosphorylation also correlates with the increase in KSRP 397 phosphorylation we observed. While we did not perform activity assays, the phosphorylation 398 modifications of Pin1 and KSRP induced by PTH in the proximal tubule likely lead to the 399 inactivation of the RNA-binding and destabilizing properties of KSRP. 400
We showed that Npt2a mRNA was pulled down with KSRP, which strongly suggests that 401 the RBP interacts with the Npt2a transcript, and this interaction was slightly enhanced in 402 response to PTH. Interestingly, we observed an association between KSRP and NHE3 mRNA, 403
another PTH target that is reduced in response to PTH treatment. Whereas the phosphorylation 404 and localization data suggest that PTH inactivates KSRP in the proximal tubule, we observed a 405 slight increase in the enrichment for Npt2a in PTH-treated versus control OK cells. Considering 406 that the 2h PTH input sample contained almost 50% less Npt2a mRNA than the control input 407 sample, the RIP experiment suggests that PTH increases the association between KSRP and 408 Npt2a mRNA. While this result conflicts with previous data regarding the RNA-binding 409 properties of phosphorylated KSRP, it does raise the possibility that regulation of mRNA 410 stability by KSRP is a more nuanced process than previously thought. 411
Finally, to determine the involvement of KSRP in mediating the PTH effect on Npt2a 412 mRNA, we silenced KSRP expression and examined Npt2a mRNA expression in the presence 413 and absence of PTH. We found that while knockdown of KSRP completely blunted the PTH 414 effect on NHE3 mRNA, the effect of PTH on Npt2a mRNA was unaffected. These findings 415 suggest that the ARE-BP is crucial for PTH-stimulated downregulation of NHE3 mRNA but not 416 for Npt2a. In the parathyroid gland, KSRP modulates PTH mRNA decay rates in response to 417 changes in serum calcium or phosphate. This occurs through the interaction of KSRP with type 418 III AU-rich elements in the PTH 3'UTR (7, 38). These are the same putative KSRP-binding 
